A model has been developed to describe the sampling process that occurs when intensity modulated radiotherapy treatments (delivered with a multileaf collimator) are imaged with an electronic portal imaging device that acquires a set of frames with a finite dead-time between them. The effects of the imaging duty cycle and frame rate on the accuracy of dosimetric verification have been studied. A frame interval of 1 s with 25%, 50% and 75% duty cycle, and a 50% duty cycle with frame intervals of 1, 2, 4, 8 and 16 s have been studied for a smoothly varying hemispherical intensity profile, and a 50% duty cycle with frame intervals of 1, 2, 4 and 8 s for a pixellated distribution. In addition an intensity modulated beam for breast radiotherapy has been modeled and imaged for 0.33 s frame time and 1, 2 and 3 s frame separation. The results show that under sparse temporal sampling conditions, errors of the order of 10% may ensue and occur with an oscillatory pattern. For the beams studied, imaging with a 1 or 2 s frame interval resulted in small errors at the 1-2% level, for all duty cycles shown.
Introduction
Intensity modulated radiation therapy (IMRT) involves shaping the intensity profile of radiotherapy beams to achieve a dose distribution that is tailored to the target volume, with the goal of achieving high dose to the target with minimal dose to adjacent tissues.
Various methods are available to achieve the desired shaping of the intensity profile.
One of the most promising of these is the dynamic MLC, or DMLC, technique, in which the leaves of a multileaf collimator are scanned as a moving slit during irradiation 1, 2 . The required positions of the leaves are often specified using a control point formalism 3 , in which the trajectories of each pair of leaves and the backup diaphragms are specified at a set of discrete points corresponding to the fraction of the total number of monitor units delivered, e.g. leaf and diaphragm positions may be specified at 0%, 20%, 50% and 100% of the total number of monitor units delivered.
The determination of the control points is usually carried out by a piece of software known as an interpreter or leaf sequencer, which relates the required intensity distribution to the leaf trajectories, taking account of such phenomena as the tongue and groove effect 4 . Other phenomena that may be modeled in the interpreter (or corrected for) are through leaf leakage, scatter from the collimation system and the output variations for the field shapes and sizes used 5 .
Because of the complex, varying nature of DMLC and other IMRT deliveries, they pose a significant challenge for verification. Two of the most promising verification methods are radiosensitive gels 6 and electronic portal imaging (EPI). Two basic methods have been developed to use EPI for IMRT verification. The first of these is 4 the acquisition of a set of frames from which the positions of the MLC leaves are extracted. The cumulative of number of monitor units delivered is also stored with each frame, to enable the relationship between dose delivered and leaf positioning to be established in a manner analogous to the control point formalism 7, 8 . The second verification method using EPI involves acquiring an image of the fluence delivered in the whole delivery 9, 10, 11 .
The image of the whole delivery may be calibrated to obtain a quantity that may be compared with a prediction based on the treatment prescription. This may be the total fluence reaching the detector or the dose delivered, in which case this image is calibrated using a dosimetric model 12 and the resulting dose image is compared with a theoretical dose image based on prescription 13, 14 .
The fluence verification method is the subject of this paper. In order to achieve a perfect image of the treatment, an electronic portal imaging device (EPID) would have to detect all radiation from the treatment linac that reaches its sensitive area. As radiotherapy treatment linacs produce pulsed radiation, this means every pulse of radiation should ideally be detected. Often this is not the case, as the detector sensitivity is set sufficiently high to obtain low-dose images for verification purposes and as a result the detector would saturate if a whole treatment were imaged. Of course it may be possible to reduce the sensitivity of the imager, but this may not be desirable if the intention is to use both the leaf position checking method and the dosimetric method of verification. In this case, a set of image frames is required to measure leaf positioning. These image frames may be summed for dosimetric
verification. An important consideration is the dead time between frame acquisitions 5 which will lead to lost information in the summed image and may lead to the appearance of artifacts.
In this paper we present a model to describe the spatial and temporal sampling that occurs when a set of frames is acquired to image a DMLC treatment. The consequences of missing data as a result of finite dead time are evaluated using this model. The discussion considers the use of EPI for IMRT verification without a patient present, i.e. the verification of the leaf movement and radiation delivery in air.
The conclusions drawn are expected to be equally valid for the case when a patient treatment is imaged.
Method

A Sampling Model
Consider the use of an EPID to perform dosimetric validation of IMRT treatment delivery using the DMLC technique. Several factors characterize the properties of our treatment/imaging system. These may be divided into spatial and temporal parameters. Spatial parameters include: the source size of the treatment linac, the MLC leaf width, the penumbrae cast by the edges of the MLC leaves and backup diaphragms, the pixel size of the EPID and the smoothness of the intensity modulated beam (IMB). Temporal parameters include: the pulse repetition frequency of the linac, the leaf speeds used in the DMLC delivery, the frame time, the dead time between successive EPID frames and the duty cycle of the EPID. The frame time is the time over which a frame is imaged. The dead time is the time between frames, during which the detector is insensitive. The frame separation is the time between the start of 6 successive frames. The duty cycle is the ratio of the frame time to the frame separation. The spatial and temporal parameters are linked by the leaf trajectories.
We now construct a sampling model to describe how these parameters contribute to a final dosimetric image. We consider a one-dimensional image, corresponding to one leaf pair, because in the context of this study all leaf pairs are independent and the y variable is redundant. 
Where A 1 (x,t) is the component of the aperture from leaf L 1 etc. and H′ is a modified Heaviside step function:
7 where α is the transmission through the collimation system. This may be equal to the leaf transmission, the x-diaphragm transmission, the y-diaphragm transmission, or any combination of these depending on the particular leaf and diaphragm configuration.
The intensity at the leaf edge positions is diffuse because the source of radiation has a finite size, the MLC leaf edges may not be perfectly sharp, the image pixel size is significant and blurring might occur within the imager. In general it is important only to know the combined point spread function (PSF) from all sources of blurring. This can be measured by imaging a simple static field and determining the diffuseness of the field edges. The instantaneous image intensity at x, t is given by:
Where x 0 denotes the width of the PSF. This assumes the imager has been calibrated for fluence and spatial invariance. A spatially varying PSF could be used by replacing PSF(x 0 ) with a function whose shape is a function of x.
If we form a summed image of the whole irradiation, the effect is to sum I(x,t) over all time, t and express the result as a function of x to yield an accumulated profile.
During the acquisition, irradiation is not continuous but is pulsed with a repetition time t PRF . This is shown by the function b(t) in Fig. 1b . The act of summing the pulsed delivery may be thought of as multiplying the intensity profile we would obtain for continuous irradiation by a temporal comb function with a period equal to the pulse repetition frequency (PRF) and summing over all time t:
This assumes instantaneous imager response. The temporal response of the imager could be modeled within this framework.
When an EPID is used to form the summed image, the result is produced on an array of discrete pixels of spacing x S (shown as a set of horizontal lines in Fig. 1a ). Fig. 1c illustrates the accumulated intensity for the leaf pair in 1a. This is shown as a dashed
. The values at the discrete pixels are shown by thin horizontal lines.
The spatially sampled and temporally summed intensity, I s , is given by:
We now consider imperfect temporal sampling. If we image the intensity profile for this leaf pair using an EPID with a frame separation of t F , a frame width of t E , a delay time of t D , a dead time of t F -t E and a duty cycle of t E /t F , this corresponds to a temporal filter (see Fig 1b) :
In terms of the leaf trajectory diagram in 
As shown in Fig. 1c , this will be lower in intensity than I S (x) because it is the result of missing some radiation that has contributed to I S (x). An estimate of I S (x) may be achieved by dividing M S (x) by the duty cycle:
The difference between I S est and I S will be a function of the intensity modulation of the beam during sampling and the leaf speeds. The percentage error in the estimate may be defined in terms of the maximum value (
Evaluation of Model
The results of the model were evaluated using a computer simulation of a single leaf pair as for the discussion above.
The effects of pixel size, PSF, frame rate, dead time and smoothness/spikiness of the delivered profile were studied. The PSF values used were obtained from measurements of static fields for an in-house system 15 and a Theraview imaging system (Cablon, The Netherlands). The edge of the field was fitted by square edges convolved with a gaussian, the width of which was adjusted to give a best fit. Thus the fitted PSF was a conglomeration of the effects of source size, leaf edge diffuseness and detector intrinsic PSF.
Several types of test delivery were chosen. These were:
1. a hemisphere function 16 , to model smoothly varying distributions;
2. a distribution, produced from the Nomos Corvus planning system 17 , which consists of a pixellated array of 1 cm × 1 cm elements at the isocenter;
3.
an IMB designed to yield breast compensation 18 .
The first two were chosen to enable a contrast between smoothly varying IMBs and pixellated ones and were generated using the leaf sequencer of Convery and Webb 1 .
The third is one example of the IMB types currently being developed at this center.
This was generated using the leaf sequencer of Budgell et al. 16.5% and 11.0% duty cycles. These parameters represent conditions under which the system may be used for IMRT verification. The breast IMB was also imaged using the 12 Theraview imaging system, set to the same acquisition parameters, to provide experimental validation of the model. Figure 2 shows the data for this IMB. 
Results
Hemisphere distribution
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The interpreter output almost always has one leaf moving at the maximum speed. In the 8 s between the start of each frame (i.e. the frame separation), the fastest leaves have traveled 16 mm, which corresponds to the peak to peak distance of the oscillations seen in Fig. 2d . A similar simulation for the case where the frame separation is 16 s and the frame duration is 8 s showed the oscillatory peaks to be twice as far apart (Fig. 2c) . Figure 3 shows the data for this case. Fig 3a shows the prescribed distribution, labeled 'Perfect' along with the distribution smoothed by the measured PSF of the linac/EPID system and the leaf trajectories. Fig. 3b shows the error in the measured intensity for the various sampling regimes. In this case there is no oscillatory structure. The measurement error may be in excess of 10% for the case where the frame separation is 8 s. Fig. 3c shows the measured error for the worst case. In addition to the result for 0 s offset between start of irradiation and imaging, the result for an offset equal to half the frame separation is also shown.
Pixellated array
This shows a reversal of the sign of the error as seen in Fig. 2d . 
Discussion
These calculations show that several types of artifact may be seen when imaging IMRT treatments for dosimetric verification using an EPID with finite dead time between frames. For a smoothly varying modulation, such as that seen for the hemisphere distribution, an oscillatory structure is seen for very sparse temporal sampling, the spatial frequency of which is determined by the distance the fastest moving leaf travels during the frame rate. The phase of the oscillations depends upon the t D / t F, but the effective instantaneous value of t D will vary if the dose rate changes during the delivery. The errors observed, however, are generally small for practical delivery and imaging rates. If a 2 s frame is acquired with a 50% duty cycle, the measurement error was no more than 2%. For relatively noisy beams, such as the pixellated array from the Corvus planning system, and sparse temporal sampling, no oscillatory behavior is seen, but the error is dependent purely on when the leading and trailing leaves pass the point being measured. For a given sampling regime, the errors are larger than for the hemisphere case. For a 2 s frame with a 50% duty cycle, the maximum error is 1.2% and for a 1 s frame with the same duty cycle the error is up to 0.5%. The main difference between the delivery of these two types of beam is that the smooth, hemispherical beam generally has both leaves moving, whereas for the pixellated beam, a leaf is generally either stationary or moving at maximum speed and often only one leaf is moving (see Figs. 2a and 3a) .
The calculations for the breast IMB show a similar oscillatory structure, which is borne out by the experimental measurements. The calculations and measurements suggest that imaging for 0.33 s with a rate of one frame per 2 s yields a maximum measurement error of 3.0%. One frame per 3 s results in an unacceptable 8.5% error.
The calculations based on this model have assumed all radiation pulses are of equal size. Variations in pulse size, particularly at beam start up, will lead to a drift in which part of the delivery is imaged by each frame. In effect, t D will change as frame acquisition progresses. The experimental data in fig. 4 shows some deviation from the model which may be caused by this simplification. However, the basic structure in the data seems reasonably well described by the model. Another factor that may be important is jitter in the sampling time for each frame; i.e. the frames may not be exactly the same time apart. If the imager were to log the delivered dose at the start of each frame then the jitter in t D would be known. Conversely the pattern seen as a result of a uniform delivery gives information on the variation in dose rate.
The temporal intensity at each point in x approximates to a smoothed trapezoid, with minimum edge duration of speed leaf max. 
17
In order to measure an IMB accurately then the briefest edges must be well sampled.
Given that for a true trapezoid each edge must be sampled at least twice, a sampling index Other groups have discussed the implications of incomplete temporal sampling of IMRT deliveries. Ma et al. 9 investigated the use of the Wellhöfer BIS system for IMRT quality assurance by summing a set of image frames during irradiation. They found the system had a dead time of less than 20 ms, which is negligible. They presented contour maps for measured and predicted image fluence distributions, which showed very good agreement. They calculated correlation coefficients between the two of 97%.
Pasma et al. 10 investigated the use of the Elekta SRI-100 system for IMRT dosimetric verification. This system had a 240 ms frame acquisition time, equal to the integration time on the CCD chip of the system. There was a dead time of 80 ms during which a frame was transferred to the frame grabber. During this time no signal was accumulated. They acquired typically 120 camera frames during each irradiation.
They presented comparisons of measurements from ionization chambers and the EPID, which agreed to within 2%.
Chang et al. 11 used the Varian Portal Vision liquid ionization chamber system. The system required between 5 and 9 s to acquire and store an image depending on acquisition mode. They found that absolute dose could be determined to significantly better than 1% using their method and that relative profile verification agreed with the average intended intensity to 3.3%. In their discussion, they concluded that 1 image frame per second is sufficient to reconstruct satisfactorily their integrated dose profiles. The work here is in agreement with this finding.
Frame sampling artifacts are less likely to be a problem with amorphous silicon detector technology. This is because charge may be constantly accumulated during irradiation without any dead time and, as long as the charge collection wells are not saturated, a signal may be acquired from the whole of the irradiation.
19
Two assumptions are implicit in this model: that the presence of the patient does not change the relative fluence distribution significantly; and that the effects of leaf pairs other than the one being modeled may be ignored. These are both expected to be valid because the artifacts associated with image sampling are caused by high frequency components in the intensity distribution. Patient attenuation and scatter from adjacent leaf pairs is likely to contribute a low frequency component to the intensity distribution and hence not to change the shape of the modulation as a function of time significantly for the purposes of this study.
Conclusion
We have developed a model to describe the sampling processes occurring when an EPID is used to verify IMRT by acquiring a set of frames with a finite dead time between them. The model predicts various artifacts, including an oscillatory pattern in some cases and an error associated with the relationship between the frame rate and the time at which leading and trailing leaves pass each point. The results of the model have been confirmed by experimental measurement. This study indicates that as long as sampling is sufficiently frequent, i.e. every 1 to 2 s, the artifacts caused by the sampling are likely to be small at below 3% level in most cases. This is achievable with the Theraview system which we plan to use for clinical IMRT verification. The temporal sampling parameters modeled for the hemisphere function. 
